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High-capacity millimetre-wave communications
with orbital angular momentum multiplexing
Yan Yan1,*, Guodong Xie1,*, Martin P.J. Lavery2,*, Hao Huang1,*, Nisar Ahmed1, Changjing Bao1, Yongxiong Ren1,
Yinwen Cao1, Long Li1, Zhe Zhao1, Andreas F. Molisch1, Moshe Tur3, Miles J. Padgett2 & Alan E. Willner1
One property of electromagnetic waves that has been recently explored is the ability to
multiplex multiple beams, such that each beam has a unique helical phase front. The amount
of phase front ‘twisting’ indicates the orbital angular momentum state number, and beams
with different orbital angular momentum are orthogonal. Such orbital angular momentum
based multiplexing can potentially increase the system capacity and spectral efﬁciency of
millimetre-wave wireless communication links with a single aperture pair by transmitting
multiple coaxial data streams. Here we demonstrate a 32-Gbit s 1 millimetre-wave link over
2.5 metres with a spectral efﬁciency of B16 bit s 1 Hz 1 using four independent orbital–
angular momentum beams on each of two polarizations. All eight orbital angular momentum
channels are recovered with bit-error rates below 3.8 10 3. In addition, we demonstrate a
millimetre-wave orbital angular momentum mode demultiplexer to demultiplex four orbital
angular momentum channels with crosstalk less than  12.5 dB and show an 8-Gbit s 1 link
containing two orbital angular momentum beams on each of two polarizations.
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A
lthough electromagnetic (EM) waves have been studied
for well over a century, one property of EM waves, namely
orbital angular momentum (OAM), was discovered in the
1990s. This discovery, along with the studies that followed,
promised to enable the transmission of many independent data
streams over the same spatial wireless medium1,2. An EM wave
carrying OAM has a helical transverse phase structure of exp (icf),
in which f is the transverse azimuthal angle and c is an
unbounded integer (the OAM state number). Note that OAM
relates to the spatial phase proﬁle rather than to the state of
polarization of the beam, which is associated with spin angular
momentum3. OAM beams with different c values are mutually
orthogonal, allowing them to be multiplexed together along the
same beam axis and demultiplexed with low crosstalk2,4,5.
Consequently, one can establish a well-deﬁned line-of-sight link
for which each OAM beam at the same carrier frequency can carry
an independent data stream, thereby increasing the capacity and
spectral efﬁciency by a factor equal to the number of OAM states.
Indeed, OAM has seen exciting progress in the optical domain.
Systems results have shown Tbit s 1 transmission over both free-
space and special vortex ﬁbre, in which all OAM beams are
multiplexed together and propagate along the same spatial axis6,7.
Importantly, given that the demand for capacity and spectral
efﬁciency continues growing exponentially because of the multitude
of wireless applications, including data centre and back-haul
connections8–12, there is great interest to also show advanced
multiplexing approaches at radio frequency (RF) and millimetre-
wave (mm-wave) frequencies. However, given the different
frequency range from optics, such RF and mm-wave systems
would require different technologies to achieve the desired results.
Speciﬁcally, RF and mm-waves transmitted and received using
a single aperture pair (that is, the data pass through one aperture
at the transmitter and are received by another aperture at the
receiver) have been used for free-space wireless communications
since the days of Marconi13–15. Although there have been many
advances since that time, such as advanced modulation format
and polarization multiplexing, the basic system architecture has
remained fairly unchanged. Thus, OAM mode multiplexing of
multiple orthogonal data-carrying beams multiplexed at the
transmitter and demultiplexed at the receiver using a single
transmitter/receiver aperture pair would represent a signiﬁcant
architectural change.
Recent reports have shown that OAM beams can be used for
data transmission in RF links16,17, including the transmission of
one Gaussian and two OAM beams (c¼ 0,±1), each carrying an
11-Mbit s 1 signal at an B17-GHz carrier frequency18–20.
However, different OAM beams in these demonstrations
propagate along different spatial axes and are not transmitted
through the same aperture. Note that coaxially propagating OAM
beams could enable certain advantages, such as (a) inherently low
crosstalk among OAM channels, (b) reduced need for further
signal processing to cancel OAM channel interference after
demultiplexing and (c) scalability to increase the number of OAM
channels6. In order to fully exploit the advantages of OAM mode-
division multiplexing, OAM channels should be multiplexed and
transmitted along the same spatial axis though a single aperture.
In this article, we demonstrate a high-capacity mm-wave
communication link by transmitting eight multiplexed OAM
beams (four OAM beams on each of the two orthogonal
polarizations), each carrying a 4 1 Gbit s 1 (4 bits per symbol)
quadrature amplitude modulation (16-QAM) signal, thereby
achieving a capacity of 32Gbit s 1 (1Gbaud 4 bit per
symbol 4OAM beams 2 polarizations) and a spectral
efﬁciency of B16 bit s 1Hz 1 at a single carrier frequency of
28GHz (ref. 21). Four OAM beams with state numbers  3,  1,
þ 1 and þ 3 on each of two polarizations are generated and
multiplexed using spiral phase plates (SPPs) made out of high-
density polyethylene (HDPE) and specially designed beamsplitters
(BSs) at the transmitter, such that all beams co-propagate from a
single transmitter aperture. After propagating through 2.5m, the
OAM channels are demultiplexed at the receiver using two
techniques: (a) SPPs22, which can convert an OAM beam back
into an approximate Gaussian beam and (b) a mm-wave OAM
mode demultiplexer for demultiplexing multiple OAM beams. The
on-axis propagation of all OAM channels and the orthogonality
among them allow their demultiplexing to be accomplished using
physical microwave components with low crosstalk, reducing the
need for further signal processing to cancel channel interference23.
Results
Generation and multiplexing of eight mm-wave OAM
channels. Figure 1 illustrates a prospective application scenario of
using OAM multiplexing for short range, high-speed wireless
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Figure 1 | Concept of utilizing OAM and polarization multiplexing in a free-space mm-wave communication link. This technique could have potential
applications in places, such as data centres, where large bandwidth links between computer clusters are required.
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information exchange in a data centre. In this paper, we
demonstrate a proof-of-concept experiment under laboratory
conditions. A schematic overview of an OAM-multiplexed mm-
wave communication link is shown in Fig. 2a. We generate each
mm-wave OAM beam of state c by passing polarization-multi-
plexed (pol-muxed) Gaussian beams, emitted by a collimated
dual-polarization, lensed-horn antenna, through an SPP (see
Fig. 2b). In general, mm-wave OAM beams can be generated
using different techniques (for example, holographic plates17 and
SPPs22). In our system, we choose to use SPPs made out of HDPE
for convenience because of our in-house machining capability.
The SPP is deﬁned by its thickness, which varies azimuthally
according to hðfÞ ¼ ðf2pÞ‘l=ðn 1Þ, acquiring a maximum
thickness difference of Dh¼ cl/(n 1) (f is the azimuthal
angle varying from 0 to 2p, n is the refractive index of the plate
material and l is the wavelength of the mm-wave)4. Normally,
one surface of an SPP is ﬂat; therefore, the required thickness can
be obtained simply by controlling the height of the other surface.
These SPPs are manufactured through the computer numerical
control milling of a solid block of HDPE, which has a refractive
index of n¼ 1.52 at 28GHz. The SPPs that are used to generate
the OAM beams have circular apertures with diameters of 30 cm.
The size of the SPP is larger than that of the lensed-horn antenna
in order to limit possible effects that may arise from a truncated
aperture. We note that the SPP is placed after the antenna
such that the Gaussian beam diameter is smaller than the
diameter of the SPP. For the four OAM states used in this
experiment, the SPPs corresponding to c¼±1 and c¼±3 are
designed to have height differences of Dh1¼±2.07 cm and
Dh3¼±6.21 cm, respectively (see Supplementary Fig. 1 and
Supplementary Note 1).
To verify the characteristics of the generated OAM beams,
their spatial normalized intensity and interferogram are captured
via a probe antenna with a small aperture diameter of 0.7 cm. The
output of this antenna is recorded by an RF spectrum analyser.
The probe antenna is attached to a two-dimensional (2D) linear
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Figure 2 | Experiment of OAM and polarization multiplexing in a free-space mm-wave communication link. (a) Schematic diagram of a millimetre-wave
link based on OAM and polarization multiplexing. (b) Polarization-multiplexed (pol-muxed) OAM beams (c¼  3,  1, þ 1 and þ 3) are generated
by dual-polarization lensed-horn antennae, followed by SPPs. These beams are multiplexed by a 14 combiner (three beamsplitters in our experiment).
(c) SPP-based OAM demultiplexer. The received OAM beams are split into four copies by a 14 splitter (three beamsplitters), for each of which
(c) is demultiplexed and converted into a Gaussian beam by a reverse SPP of ( c). (d) OAM mode demultiplexer. The received OAM beams are
demultiplexed by an OAM mode demultiplexer, which can spatially separate the four OAM beams without power-splitting loss. Pol: polarization,
MUX: multiplexing, DeMUX: demultiplexing, Ch: channel, BS: beamsplitter.
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translation stage with a scanning resolution of 1 cm and a
transversal coverage area of 60 60 cm. Figure 3a clearly depicts
the ring-shaped normalized intensity proﬁle24 of the generated
OAM beams. The state number of the OAM beams can be
deduced from the number of rotating arms in their
interferograms, as shown in Fig. 3b, which are generated by
interfering the different OAM beams with a Gaussian beam
(c¼ 0) using a BS, as described below. The ﬁeld distribution of an
SPP-generated OAM beam created via a fundamental Gaussian
beam is similar to a Laguerre–Gaussian (LG) mode1. The OAM
state of such a beam is preserved as it propagates in free space.
One can consider that such an SPP-generated OAM beam is a
superposition of multiple LG modes, each with the same
azimuthal index c but with a different radial index p (refs
4,22). Figure 3c shows the normalized measured intensity
distributions of the coherent superposition of different OAM
beams, which are in good agreement with the corresponding
simulation results.
Eight pol-muxed OAM beams generated by four dual-pol
lensed-horn antennae, each followed by an SPP with a different c
value, are spatially multiplexed via a 1 4 combiner (comprising
three cascaded 50:50 planar BSs, as shown in Fig. 2b). Our BSs are
similar in form to the polka-dot BSs used in the optical regime.
These BSs are implemented by spatially varying the reﬂectivity of
the surface. This is achieved by designing an array of reﬂective
material on a dielectric substrate to obtain 50% transmission and
50% reﬂection at a frequency of 28GHz. In our experiment, the
BSs are fabricated by patterning a standard printed circuit board
with the designed structure (see Supplementary Fig. 2 and
Supplementary Note 2). The eight multiplexed OAM channels
(four OAM states on each of two orthogonal polarizations) are
obtained by combining OAM beams of c¼±1 and c¼±3
using a 1 4 beam combiner. The divergence of the OAM beams
is related to the OAM state number c. For example, the sizes of
propagating LG beams are proportional to the square root of |c|,
given that they have the same Rayleigh range25. To resolve this
c-dependent divergence, convex RF lenses made of HDPE with
focal lengths of 2m are fabricated and used to slightly focus the
c¼±3 modes so that their beam sizes become similar to that of
the OAM beams of c¼±1 at the receiver over the designed link
length of 2.5m. The resulting eight coaxial channels, each
carrying an independent 1-Gbaud 16-QAM data stream, co-
propagate towards the receiver, transmitting a total of 32-
Gbit s 1 on a single RF carrier of 28GHz (See Supplementary
Fig. 3 and Supplementary Note 3 for the generation of a 1-Gbaud
16-QAM signal).
Link capacity measurement of eight multiplexed OAM chan-
nels. In the experiment using the SPP-based receiver, we recover
eight multiplexed OAM channels one at a time by using a cor-
responding SPP and an antenna26. To recover an OAM beam (c)
of interest, an inverse SPP with a speciﬁc state ( c) is used to
remove the azimuthal phase term exp (icf) of the OAM beam,
which is then converted back into a beam with a planar phase
front of c¼ 0. This beam then has a bright high-intensity spot at
the centre, which is separable from OAM beams with ‘doughnut’
intensity proﬁles through spatial ﬁltering. For example, in
order to obtain the pol-muxed data streams of the c¼  3
OAM beam (created by an SPP with a thickness proﬁle of
ðf2pÞð 3Þl=ðn 1Þ), an inverse SPP with the opposite thickness
proﬁle of ðf2pÞðþ 3Þl=ðn 1Þ is employed (see Fig. 2c). Note that
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the transmitter and receiver lensed-horn antennae are matched to
the Gaussian beams (c¼ 0). Consequently, the helical phase of
the c¼  3 OAM beam is removed, and the emerging wave can
be collected with a dual-polarization lensed-horn antenna. All
other beams, while also transformed by the SPP (c¼ þ 1-
c¼ þ 4, c¼  1-c¼ þ 2 and c¼ þ 3-c¼ þ 6), maintain
their ring-shaped proﬁles and helical phase, and therefore,
negligible signals can be coupled into the Gaussian-matched
antenna because of the mode mismatch. Our measurements do
not show an appreciable sensitivity to the rotation of the SPP at
the receiver. We believe that this is because of the helical structure
of the SPP. The output from this dual-polarization receiver
antenna is recorded and digitized with an 80-Gsample s 1 real-
time oscilloscope with an analogue bandwidth of 32GHz, which
is wide enough to faithfully capture the modulated 28GHz mm-
wave waveforms. The recorded signals are then processed ofﬂine
to recover the 16-QAM constellations and calculate the bit-error
rate (BER; See Supplementary Note 4 for the detection of a 1-
Gbaud 16-QAM signal).
The transmitted signal power and link budget are characterized
as follows. The generated signal power of 8 dBm is fed into the
lensed-horn transmitter antenna. The baseline power loss of
the link, including the two lensed-horn antennae but excluding
the SPPs, is B22 dB. The power loss of the link increases to
B33 dB once two SPPs are inserted for OAM generation and
back conversion. Furthermore, each OAM beam passes through
two BSs for multiplexing at the transmitter, resulting in an
additional B6-dB power loss. Therefore, the total power loss for
the link is B39 dB.
It is expected that the power from other channels would leak
into the channel under detection because of the imperfections of
OAM generation, multiplexing and set-up misalignment, which
would essentially result in channel crosstalk when a speciﬁc
channel is recovered at the receiver. The crosstalk for a speciﬁc
OAM channel c1 can be measured by P‘ 6¼ ‘1=P‘¼‘1 , where P‘ 6¼ ‘1 is
the received power of channel c1 when all channels except
channel c1 are transmitted, and P‘¼‘1 is the received power of
channel c1 when only channel c1 is transmitted. Given that our
RF-modulated signal spectrally lies within 28±1GHz and the
fact that our SPPs and BSs are frequency-dependent, for the sake
of simpliﬁcation, we only measure the crosstalk at the frequencies
of 27.5, 28 and 28.5GHz for each channel by transmitting a
continuous wave (CW) signal rather than 1-Gbaud 16-QAM -
modulated signals. For example, to obtain the crosstalk
for channel c¼  1, we measure the total received power from
channels c¼ þ 1, ±3 and divide it by the received power
from channel c¼  1. Table 1 presents the crosstalk of each
OAM channel measured at 28GHz when (i) only transmitting the
four channels on Y-pol (single Y-pol case) and (ii) transmitting
all eight channels on both X-pol and Y-pol (dual-pol case). We
observe that the crosstalk deteriorates signiﬁcantly when two
polarizations are included (see Table 1), mainly because of the
birefringence of the SPPs. We thus conjecture that during the
machining process, some stress-induced birefringence is induced
in the plates, giving rise to the observed polarization crosstalk. We
also observe that the crosstalk value of channel c¼  1 is
 23 dB at 28GHz for the single Y-polarization case. This value
increases to  19 and  20 dB when the transmitted CWs are at
27.5 and 28.5GHz, respectively. This deterioration in crosstalk
could be caused by (i) the material dispersion of our SPPs and (ii)
the deviations from the design frequency of 28GHz on the part of
the SPPs. This leads to the deviation of the phase fronts of the
generated OAM beams from the required azimuthal maximum
variation of 2cp.
Figure 4a shows constellations and error vector magnitudes27
of the received 1-Gbaud 16-QAM signals with a signal-to-noise
ratio (SNR) of 19 dB for channel c¼ þ 3 in both single-
polarization (single-pol) and dual-polarization (dual-pol) cases.
We can observe that the constellations of channels c¼ þ 3 for
both X-pol and Y-pol become much worse in the dual-pol case
because of the fact that they experiences higher crosstalk. For
similar reasons, c¼ þ 3 on X-pol has a more blurred
constellation than c¼ þ 3 on Y-pol. The measured BERs for
each channel as functions of SNR under both single Y-pol and
dual-pol cases are shown in Fig. 4b. For comparison, the BER
curves when only OAM channel c¼  1, þ 1,  3 or þ 3 is
transmitted on Y-pol (in the absence of crosstalk from other
channels, black square) are also shown. We see that the power
penalty of each OAM channel (c¼  1, þ 1,  3 or þ 3) in
the single-pol case is lower than that of either polarization in the
dual-pol case. This is because of the fact that each channel in the
single-pol case experiences lower crosstalk than in the dual-pol
case. We also observe that the OAM channel with higher
crosstalk will consequently have worse BER performance, as
expected. It is clear that each channel is able to achieve a raw BER
below 3.8 10 3, which is a level that allows extremely low block
error rates through the application of efﬁcient forward error
correction codes28. Neither pulse shaping nor pre-ﬁltering
technique is used at the transmitter, and the spectral efﬁciency
in the experiment is B16 bit s 1Hz 1. Expanding the potential
transmission distance of an OAM channel beyond the 2.5m
achieved in our experiment depends on several factors, including
the receiver aperture size (that is, size of the SPP) and the OAM
beam divergence. For increased distances, less power will be
received by a ﬁxed receiver aperture due to the divergence of the
OAM beam. Given that the beam diverges approximately as the
square root of |c|, beams with larger OAM state numbers diverge
more and ultimately limit the system performance.
Separation of OAM channels using an OAM mode demulti-
plexer. Communication systems of multiple OAM beams need to
separate each data stream in order to recover any speciﬁc channel.
One method that was described in the previous section used a
passive power-splitting arrangement followed by individual SPPs
to separate the data channels carried on each OAM state (See
Fig. 2c). In this approach, if there is an M-way power splitting,
then the power loss is (M 1)/M and does not scale well. Similar
to other types of communication systems using multiple parallel
channels, it would be beneﬁcial to the system performance to
have a demultiplexer module that separates the OAM states
without any added inherent power-splitting losses. In this section,
we demonstrate a mm-wave OAM demultiplexer to separate
multiple OAM states29 (see Fig. 2d).
The OAM mode demultiplexer is composed of two custom-
designed refractive elements that transform OAM states into
transverse momentum states, which is achieved by mapping the
position (x,y) in the input plane to a position (u,v) in the output
Table 1 | The crosstalk of OAM channels when SPPs are used
for the detection.
c¼  3
(dB)
c¼  1
(dB)
c¼ þ 1
(dB)
c¼ þ 3
(dB)
Single-pol (Y-pol)  25  23  25  26
Dual-pol (X-pol)  17  16.5  18.1  19
Dual-pol (Y-pol)  18  16.5  16.5  24
CW, continuous wave; OAM, orbital angular momentum; SPP, spiral phase plate.
The crosstalk of each OAM channel is measured at f¼ 28GHz (CW) when only transmitting the
four Y-pol channels of c¼±1 and c¼±3 (single Y-pol) and transmitting eight channels of
c¼±1 and c¼±3 on both X-and Y-pol (dual-pol).
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plane, in which u¼  a ln( ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃx2þ y2=bp ) and v¼ a tan 1(y/x)
(ref. 30). The parameter a is deﬁned as a¼ d/2p, ensuring that
the transformed beam is mapped on the desired width d of the
demultiplexer’s second element. The parameter b determines
the position of the transformed beam along the v axis, and its
value depends on the physical dimensions of the OAM mode
demultiplexer. This type of mapping transforms a set of
concentric rings in the input plane into a set of parallel lines in
the output plane. The combination of the two refractive elements
transforms the complex amplitude of the beam in the form exp
(icf), providing complex amplitude in the output plane in the
form exp(icv/a). A convex lens can then separate the resulting
transverse momentum states into speciﬁc lateral positions,
allowing for the demultiplexing of multiple states without
power-splitting loss30–32. For experimental demonstrations, the
refractive elements are produced from HDPE through the use of
computer numerical control milling techniques. The height
proﬁle of the ﬁrst element is given by31
Z1ðx; yÞ ¼ aLðn 1Þ
ytan 1
y
a
 
 xln
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2þ y2p
b
 !
þ x 1
a
1
2
ðx2þ y2Þ
 " #
ð1Þ
where L is the distance between the components. The two
parameters a and b, as deﬁned above, determine the scaling and
position of the transformed beam, respectively. The height proﬁle
of the second element is given by31
Z2ðx; yÞ ¼  abLðn 1Þ exp 
u
a
 
cos
v
a
 
 1
ab
1
2
ðu2þ v2Þ
  
ð2Þ
where u and v are the coordinates in the output plane. This
element is placed at a distance L behind the ﬁrst element. Each
surface is wavelength-independent; however, dispersion effects in
the material manifest themselves as defocus for different
wavelengths. The system can thus be tuned to speciﬁc
wavelengths by changing the distances between the elements
(See Supplementary Fig. 4 and Supplementary Note 5 for more
details about the OAM mode demultiplexer).
To determine the spatial intensity proﬁle after the lens
of the OAM mode demultiplexer, a probe antenna is placed on
a motorized 2D stage at the focal plane to measure the
spatial intensity proﬁle of the OAM beams (c¼±1 and ±3)
after the OAM mode demultiplexer. The intensity distribution
of four different OAM beams in the desired sorting direction is
measured (see Fig. 5a), suggesting that the multiplexed
OAM beams are spatially separated by the OAM mode
demultiplexer. The crosstalk of the OAM channels (c¼  1
and c¼ þ 1) is measured to be lower than  14 dB for the
single-pol case and to be lower than  12.5 dB for the dual-pol
case (see Table 2). In this section, we transmit a 1-Gbaud
QPSK signal on OAM channels with c¼±1 to demonstrate the
mm-wave OAM mode demultiplexer. As compared with the
previous section that used 16-QAM for the SPP-based receiver,
we use QPSK with the demultiplexer because it currently has
higher crosstalk that limits the ability to recover the higher
constellation. Future improvements to the OAM demulti-
plexer may lead to lower crosstalk and better system performance.
Figure 5b shows the constellations and error vector magnitudes
of the received 1-Gbaud QPSK signals with an SNR of 11 dB
for channel c¼  1 in both single- and dual-polarization cases.
The BERs of the OAM channels c¼  1 and c¼ þ 1 are
depicted as functions of SNR in Fig. 5c. We see that each
OAM channel in the single-pol case, for which the crosstalk is
lower, has a lower power penalty than that of either polarization
in the dual-pol case. We also observe that each OAM channel
can achieve a raw BER below the forward error correction
limit of 3.8 10 3.
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Figure 4 | Results of 32Gbit s 1 data transmission using eight pol-muxed mm-wave OAM channels. (a) Constellations of the received 1-Gbaud
16-QAM signals for OAM channel c¼ þ 3 under single Y-pol and dual-pol conditions. The SNR is 19 dB. (b) Measured BER curves of 1-Gbaud 16-QAM
signals for (i) a single OAM channel (no crosstalk), (ii) four OAM channels on Y-pol (with crosstalk, Y-pol) and (iii) eight OAM channels on both
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Discussion
Our experiment takes place in the near-ﬁeld because the distance
is shorter than the Fraunhofer distance23. We believe this
approach could potentially be expanded to longer distances in
the far ﬁeld18, as long as sufﬁcient power and phase change of
each OAM beam is captured. Moreover, atmospheric turbulence
would likely not present a critical challenge for this frequency
range33. In general, the number of OAM beams that can be
accommodated in a system is limited by different factors,
including receiver aperture size and intermodal crosstalk. Given
a ﬁxed receiver aperture size, a larger OAM c value may result in
a larger beam size at the receiver such that the recovered power
decreases and the BER increases. In addition, higher intermodal
crosstalk leads to an increase in power penalty and a limited
number of available OAM states. Intermodal crosstalk can arise
because of many factors, including imperfect components4,
system misalignment22 and the effects of the transmission
medium33. An OAM-based communication system faces several
challenges as to its ability to scale to higher numbers of OAM
beams. Issues include reducing intermodal crosstalk, improving
the demultiplexer and developing integrated devices.
We emphasize that our implementation of OAM multiplexing
is different from traditional RF spatial multiplexing34–36. The
latter employs multiple spatially separated transmitter and
receiver aperture pairs for the transmission of multiple data
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Figure 5 | Results of 8Gbit s 1 data transmission using mm-wave OAM mode demultiplexer for demultiplexing. (a) The normalized intensity
distributions of four input OAM beams (c¼±1 and c¼±3) in the OAM mode sorting direction in the detection plane. (b) The received constellations of
the 1-Gbaud QPSK signals for OAM channel c¼  1 in single Y-pol and dual-pol cases with an SNR¼ 11 dB. (c) Measured BER curves of 1-Gbaud QPSK
signals for (i) a single OAM channel (no crosstalk), (ii) two OAM channels on Y-pol (with crosstalk, Y-pol) and (iii) four OAM channels on both
X-and Y-pol (with crosstalk, X-pol and Y-pol).
Table 2 | The crosstalk of OAM channels when the mm-wave
mode demultiplexer is used for detection.
c¼  1
(dB)
c¼ þ 1
(dB)
Single-pol (Y-pol)  14.2  14
Dual-pol (X-pol)  12.9  12.8
Dual-pol (Y-pol)  12.8  13.6
CW, continuous wave; OAM, orbital angular momentum.
The crosstalk of each OAM channel is measured at f¼ 28GHz (CW) when only transmitting the
two Y-pol channels of c¼±1 (single Y-pol) and four channels of c¼±1 on both X-and Y-pol
(dual-pol).
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streams. As each of the antenna elements receives a different
superposition of the different transmitted signals, each of the
original channels can be demultiplexed through the use of
electronic digital signal processing. In our implementation, the
multiplexed beams are completely coaxial throughout the
transmission medium and use only one transmitter and receiver
aperture (although with certain minimum aperture sizes),
employing OAM beam orthogonality to achieve efﬁcient
demultiplexing without the need for further digital signal post-
processing to cancel channel interference23. There are thus
signiﬁcant implementation differences between the two
approaches (for further discussions on the fundamental
relationship between conventional spatial multiplexing and
OAM multiplexing, we refer the reader to refs 37–39).
Methods
Generation and multiplexing of OAM channels. Each of the OAM-carrying mm-
waves on two orthogonal polarizations is generated with a speciﬁcally designed
SPP, which introduces a helical phase front to the data-carrying Gaussian beam.
The vortex charge of the OAM beam is determined by the phase variations along
the azimuthal angle. Eight OAM beams are coaxially multiplexed via cascaded
50:50mm-wave BSs that are designed to operate at a frequency of 28GHz. The
OAM-carrying EM waves maintain orthogonality while propagating coaxially in
free space.
Detection of OAM channels. We recover the data channels carried by a speciﬁc
OAM state c by passing all the beams of different OAM states through an SPP.
This SPP has an inverse value of  c with regard to the data we wish to recover.
Using this approach, only the desired OAM beams will be converted into Gaussian-
like beams (c¼ 0) and be efﬁciently coupled into the receiver antenna. Alter-
natively, multiple coaxially propagating OAM beams can be separated by using an
OAM mode demultiplexer, which performs a log-polar geometrical transformation
and unfolds the vortex beams into tilted plane waves. A convex lens can then focus
each tilted plane wave at a speciﬁc position in the focal plane, which corresponds to
a speciﬁc receiver aperture, and thus enable the detection of multiple OAM
channels without power-splitting loss.
References
1. Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. Orbital
angular-momentum of light and the transformation of Laguerre-Gaussian laser
modes. Phys. Rev. A 45, 8185–8189 (1992).
2. Gibson, G. et al. Free-space information transfer using light beams carrying
orbital angular momentum. Opt. Express 12, 5448–5456 (2004).
3. Poynting, J. H. The wave motion of a revolving shaft, and a suggestion as to the
angular momentum in a beam of circularly polarised light. Proc. R. Soc. Lond. A
82, 560–567 (1909).
4. Yao, A. M. & Padgett, M. J. Orbital angular momentum: origins, behavior and
applications. Adv. Opt. Photonics 3, 161–204 (2011).
5. Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nat. Phys. 3,
305–310 (2007).
6. Wang, J. et al. Terabit free-space data transmission employing orbital angular
momentum multiplexing. Nat. Photon 6, 488–496 (2012).
7. Bozinovic, N. et al. Terabit-scale orbital angular momentum mode division
multiplexing in ﬁbers. Science 340, 1545–1548 (2013).
8. Xu, Y. & Hu, R. Q. in Proc. IEEE Global Commun. Conf. 4120–4125 (IEEE,
Anaheim California, 2012).
9. Koenig, S. et al. Wireless sub-THz communication system with high data rate.
Nat. Photon 7, 977–981 (2013).
10. Tonouchi, M. Cutting-edge terahertz technology. Nat. Photon 1, 97–105 (2007).
11. Cisco Visual Networking Index: Forecast and Methodology, 2012–2017. http://
www.cisco.com/en/US/solutions/collateral/ns341/ns525/ns537/ns705/ns827/
white_paper_c11-481360_ns827_Networking_Solutions_White_Paper.html (2013).
12. Wildemeersch, M., Quek, T. Q. S., Rabbachin, A., Slump, C. H. & Huang, A. in
Proc. IEEE Inter. Commun. Conf. 2701–2706 (IEEE, Budapest, Hungary, 2013).
13. Marconi, G. Radiocomunicazioni con onde cortissime. Alfa Fre-quenza 11,
5–24 (1933).
14. Dunlap, O. E. Marconi, The Man and His Wireless (Macmillan, 1938).
15. Bucci, O. M., Pelosi, G. & Selleri, S. The work of Marconi in microwave
communications. IEEE Antennas Propag. Mag. 45, 46–53 (2003).
16. Thide´, B. et al. Utilization of photon orbital angular momentum in the low-
frequency radio domain. Phys. Rev. Lett. 99, 087701 (2007).
17. Mahmouli, F. E. & Walker, D. 4-Gbps uncompressed video transmission over a
60-GHz orbital angular momentum wireless channel. IEEE Wireless Commun.
Lett. 2, 223–226 (2013).
18. Tamburini, F. et al. Encoding many channels on the same frequency through
radio vorticity: ﬁrst experimental test. New J. Phys. 14, 033001(2012).
19. Tamagnone, M., Craeye, C. & Perruisseau-Carrier, J. Comment on ’Encoding
many channels on the same frequency through radio vorticity: ﬁrst
experimental test’. New J. Phys. 14, 118001 (2012).
20. Tamburini, F. et al. N-tupling the capacity of each polarization state in
radio links by using electromagnetic vorticity. Preprint at: http://arXiv/abs/
13075569v2 (2013).
21. Yan, Y. et al. in Proc. IEEE Inter. Commun. Conf. 4861–4866 (IEEE, Sydney,
Australia, 2014).
22. Turnbull, G. A., Robertson, D. A., Smith, G. M., Allen, L. & Padgett, M. J. The
generation of free-space Laguerre-Gaussian modes at millimetre-wave
frequencies by use of a spiral phase plate. Opt. Commun. 127, 183–188 (1996).
23. Molisch, A. F. Wireless Communications 2nd edn (Wiley, 2011).
24. Padgett, M. J., Arlt, J., Simpson, N. & Allen, L. An experiment to observe the
intensity and phase structure of Laguerre-Gaussian laser modes. Am. J. Phys.
64, 77–82 (1996).
25. Padgett, M. J. & Allen, L. The Poynting vector in Laguerre-Gaussian laser
modes. Opt. Commun. 121, 36–40 (1995).
26. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the orbital
angular momentum states of photons. Nature 412, 313–316 (2001).
27. Georgiadis, A. Gain, phase imbalance, and phase noise effects on error vector
magnitude. IEEE Trans. Veh. Technol. 53, 443–449 (2004).
28. Richte, T. et al. Transmission of single-channel 16-QAM data signals at
terabaud symbol rates. J. Lightwave Technol. 30, 504–511 (2012).
29. Lavery, M. P. et al. in Proceedings of the Conference on Lasers and Electro-
Optics, paper FTh3D.8 (Optical Society of America, San Jose, United States,
2014).
30. Berkhout, G. C. G., Lavery, M. P. J., Courtial, J., Beijersbergen, M. W. &
Padgett, M. J. Efﬁcient sorting of orbital angular momentum states of light.
Phys. Rev. Lett. 105, 153601 (2010).
31. Lavery, M. P. J. et al. Refractive elements for the measurement of the
orbital angular momentum of a single photon. Opt. Express 20, 2110–2115
(2012).
32. Lavery, M. P. J., Berkhout, G. C. G., Courtial, J. & Padgett, M. J. Measurement
of the light orbital angular momentum spectrum using an optical geometric
transformation. J. Opt. 13, 064006 (2011).
33. Fante, R. L. Electromagnetic beam propagation in turbulent media: an update.
Proc. IEEE 68, 1424–1443 (1980).
34. Winters, J. H. On the capacity of radio communication systems with diversity in a
Rayleigh fading environment. IEEE J. Sel. Areas Commun. 5, 871–878 (1987).
35. Foschini, G. J. & Gans, M. J. On limits of wireless communications in a fading
environment when using multiple antennas. Wireless Pers. Commun. 6,
311–335 (1998).
36. Gesbert, D., Shaﬁ, M., Shiu, D. S., Smith, P. J. & Naguib, A. From theory to
practice: an overview of MIMO space-time coded wireless systems. IEEE J. Sel.
Areas Commun. 21, 281–302 (2003).
37. Edfors, O. & Johansson, A. J. Is orbital angular momentum (OAM) based
radio communication an unexploited area? IEEE Trans. Antennas Propag. 60,
1126–1131 (2012).
38. Tamburini, F., Mari, E., Thide, B., Barbieri, C. & Romanato, F. Experimental
veriﬁcation of photon angular momentum and vorticity with radio techniques.
Appl. Phys. Lett. 99, 204102 (2011).
39. Mohammadi, S. M. et al. Orbital angular momentum in radio—a system study.
IEEE Trans. Antennas Propag. 58, 565–572 (2010).
40. Sullivan, D. M. Electromagnetic Simulation Using the FDTD Method (Wiley-
IEEE Press, 2000).
Acknowledgements
We acknowledge Professor Jian Wang, Professor Mark A. Neifeld, Dr Rick Roberts, Dr
Soji Sajuyigbe, Dr Shilpa Talwar and Dr David E. Ott for the fruitful discussions. M.P.J.L.
is support by the EPSRC Doctoral Prize Fellowship Project. M.J.P. is supported by the
ERC, EPSRC and the Royal Society. This work is supported by the Intel Labs University
Research Ofﬁce and the DARPA InPho (Information in a Photon) Program.
Author contributions
All the authors were involved in the design of the experiment, data collection and
analysis, and all contributed to writing of the article. Y.Y., G.X., M.P.J.L. and H.H.
contributed equally to this work. Y.Y. and G.X. performed the intensity and phase
measurement of the mm-wave OAM beams. Y.Y., H.H., G.X. and A.F.M. performed
the generation and detection of the QAM signal. M.P.J.L., Y.Y. and M.J.P. designed
the mm-wave OAM mode demultiplexer. A.F.M., M.T., M.J.P. and A.E.W. provided the
technical support. The project was conceived and supervised by A.F.M. and A.E.W.
Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5876
8 NATURE COMMUNICATIONS | 5:4876 | DOI: 10.1038/ncomms5876 | www.nature.com/naturecommunications
& 2014 Macmillan Publishers Limited. All rights reserved.
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Yan, Y. et al. High-capacity millimetre-wave
communications with orbital angular momentum multiplexing. Nat. Commun. 5:4876
doi: 10.1038/ncomms5876 (2014).
This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in the credit line; if the material is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5876 ARTICLE
NATURE COMMUNICATIONS | 5:4876 | DOI: 10.1038/ncomms5876 | www.nature.com/naturecommunications 9
& 2014 Macmillan Publishers Limited. All rights reserved.
